Introduction
Due to the low water solubilities of herbicidal compounds, surfactants are important components in herbicide formulations, and are used for improving f ormulative properties.
In addition, it has been well recognized that surfactants often enhance and accelerate the action of f oliar applied herbicides by improving leaf wettability and cuticle penetration.
SMITH et al.14) reported that the great effectiveness of homologous groups of the POE (polyoxyethylene) alkylphenyl ether type of nonionic surfactants on paraquat, dalapon and amitrole was associated with certain EO (ethylene oxide) mole numbers of the surfactants.
NAKAYAMA et al.11) showed that the effects of the POE nonylphenyl ether surfactants on asulam and bialaphos were higher when HLB (hydrophile lipophile balance) values of the surfactants were around 12 and 12-14, respectively.
However, the reason that surfactants with certain HLB values or EO mole numbers are more effective than others in enhancing herbicidal activity is not understood.
Although many attempts have been made to correlate the physicochemical characteristics of surfactants, including HLB value and EO mole number, with observed adjuvant effects, no clear relationships were obtained except for the study with malefic hydrazide (MH) in which adjuvant activity was found to be closely related to the moisture absorption capacity of the surfactants12).
WYRILL and BURNSIDE16) could not find any correlation between contact angles of spray solution on plant leaf and adjuvant effect on glyphosate activity. Accordingly, it was suggested that the complex and subtle interaction may be involved in the effect of the adjuvants and that the interaction may not depend merely on the physical characteristics of the spray solution6,13,14) In view of the importance of surfactants for their adjuvant effects, a better understanding of such interaction is needed.
In the case of f oliar applied type of herbicides, droplets of spray solution should deposit on the leaf surface and then penetrate the cuticle. Thus, the amount of the deposit and the rate of penetration would play a major role in the efficiency of the applied herbicides.
The former seems to be expressed as a function of the contact angle of the spray solution on the plant leaf, and this parameter would be correlated with the spreading of the surfactant solution on a waterproof material such as paraffin wax3,7) and plastic board, since the leaf surface is generally waxy and water-repellent.
How-ever, as is shown in many microscopic figures, the leaf surface is not smooth and thus the deposit on it should permeate to rather hydrophobic regions for optimum covering of the surface. In this sense, the texture of the leaf surface seems very similar to that of, for example felt cloth, to which water cannot permeate easily. Furthermore, this permeation process might play an important role in the subsequent penetration which would also be dependent on the physical properties of both surfactants and herbicide and the interaction between them.
Based on this idea, effects of surfactants on the action of the foliar applied type herbicide propanil, especially on the acceleration of its herbicidal action, were evaluated in relation to these two properties of surfactant solutions, i.e., spreading and permeating. Propanil was used in this study as it primarily interferes with photosynthesis2) and thus the efficiency of a spray seems to depend largely on its retention on the leaf surface and its penetration into the cuticle. When propanil is applied in a rather large spray volume to wet the plants uniformly, the amount of deposit does not greatly vary, and thus the difference in the penetration rate would be a major factor affecting the herbicidal activity of the chemical. However, in the case of foliar applied type herbicide which has a mode of action other than inhibition of photosynthesis, possible differences of translocation and/or detoxification of the herbicide in plants should be taken into account to evaluate the effects of surfactants added to the spray solution.
From viewpoints such as these, the accelerating effects of three representative surfactants which differ in their ionic characters on the inhibition of photosynthesis by f oliarapplied propanil were directly examined by monitoring CO2 uptake by the treated plants in vivo. (Echinochloa crus-galli L.) at the 2 leaf stage, 7.5-9cm high, grown in a glasshouse were sprayed with 1ml of a 0.1% surf actant solutions (this spray volume corresponds to 150l/10a) by a hand sprayer (caliber: 0.8mm) attached to an air-pump (flow rate: l5l/min).
Phytotoxicity was evaluated by weighing the above-ground portions of the plants 5 days after treatment.
Each treatment was replicated 5 times. 4. Effects of surfactant on herbicidal activity of propanil In individual 9cm i.d. ceramic pots, sixteen uniform plants of barnyard millet at the 2 leaf stage grown in a similar manner as described above were sprayed.
Each spray solution contained an amount of propanil calculated to correspond to 150g a.i./10 a and 0.1% of a surfactant. Spray volume was 1ml (150l/10a) and each treatment was replicated 5 times.
Herbicidal activity was determined by weighing the aboveground portions of the plants 5 days after treatment (Table 2 ). In some experiments the activity was visually evaluated during the 9 days following treatment and was expressed by a zero to 5 rating system in which zero and 5 indicate no effect and complete killing, respectively (Fig. 2) The results were expressed as the CO2 assimilation (percent): (CO2 uptake rate after treatment/CO2 uptake rate before treatment) x100.
Each treatment was replicated 3 times.
Results and Discussion 1. Spreading and permeating properties Although the physical properties of surfactant solutions including the two parameters discussed here are known to vary with the concentration of surfactant4,5), all surfactant solutions were employed at a concentration of 0.1% in this study. This concentration was chosen as normal concentrations of surfactants in spray solutions are in the range 0.1 0.5 %9), and, in addition, at higher concentrations, it may be difficult to examine adjuvant effects due to the possibly phytotoxic character of the surfactants themselves.
The spreading and permeating properties of the surfactant solutions (0.1%) are summarized in Table 2 . Spreading property varied from 4.4 to 9.7mm. Among the surfactants tested, the sodium dioctyl sulf osuccinate surfactant (11) showed the highest spreading property (9.7mm) and the POE coco amine (23) was the second highest (7.1mm),
The permeating property varied in a larger range than that of the spreading property and most of the POE nonylphenyl ether type surfactants (2-7) showed higher permeabilities.
The 0.1% solutions of the homologous group of POE nonylphenyl ether nonionic surfactants (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) varied in their spreading and permeating properties in proportion to their HLB values as shown in Fig. 1 Table 2 . Physical properties of surfactant solutions and their effects on propanil activity.
SP: spreading property PP: permeating property (a maximum of 180 seconds) % inhibition*: % inhibition of fresh weight control**: water properties are closely related not only to each other but also to both HLB values and EO mole numbers in these homologous surfactants.
However, this same correlation between the two properties could rarely be found with other surfactants tested; some of them may show optimal spreading and permeating at lower or, possibly, at higher concentrations than 0.1%.
2. Phytotoxicity of surfactants None of the 0.1% surfactant solutions themselves had phytotoxicity against barnyard millet (data not shown). Therefore, any changes in the herbicidal efficiency brought about by an addition of the surfactants at the concentration used should be regarded as adjuvant activity.
3. Effect of surfactants on herbicidal activity of propanil Enhancement of propanil activity by the use of surfactants has been reported8, and in this study we primarily examined the effects of the surfactants on the acceleration of the propanil action, i.e., how quickly the herbicidal symptoms appeared when a surfactant was added. Propanil was applied at a dosage of 150g/10a which was below the lethal dosage for barnyard millet under the experimental conditions, and was applied in a spray volume (150l/10a) to wet the test plants uniformly. Figure 2 shows the effects of the POE nonylphenyl ether surfactant (3, EO=8moles) on propanil activity. Clearly, the propanil action was accelerated by the addition of the surfactant to the spray solution. In the plots where propanil had been applied with the surfactant, the herbicidal symptoms became obvious the day following treatment.
In contrast, in plots where propanil was applied without surfactant, the symptoms did not appear until 5 days after treatment. However, if the herbicidal activity was evaluated 9 days after treatment, surfactant effect on the activity was not significant; there was no difference in the activity between the two plots. Therefore, the effects of the surfactant were examined by evaluating the herbicidal activity 5 days after treatment and the data are summarized in Table 2 . Acceleration effect of the POE nonylphenyl ether surfactants
(1-10) on the propanil action was higher with the HLB range of 11 14 ( Fig. 3 and Table 2 ). SMITH et al.14) and NAKAYAMA et al.11) reported that the herbicidal activities of several chemicals were enhanced by the addition of the surfactants with those HLB values.
Although the sodium dioctyl sulfosuccinate anionic surfactant (11) showed an excellent spreading property, it was less effective in accelerating propanil action than those of the POE nonylphenyl ether surfactants (2-5), presumably due to its lower permeating property ; under the experimental conditions, leaf wettability would not be a major factor affecting the activity as greater spray volume was used in this study.
As mentioned, within a series of homologous surfactants like the nonylphenyl ether surfactants, the spreading and permeating properties were correlated with each other and they varied in proportion to the HLB values or EO moles for maximum effect. However, this was not true with other surfactants, and it seems almost impossible to find a general rule applicable to all types. In fact, with all the surfactants tested, analysis of the relationship between the spreading or permeating property of a surfactant solution and the acceleration of propanil action evaluated 5 days after treatment gave respective correlation coefficients of 0.49 (p<0.1) and -0.57 (logarithmic, p<0.1).
However, a better correlation coefficient 0.77 (p<0.1) was obtained between the acceleration-activity and the values calculated as follows values of spreading property X(1/values of permeating property), indicating that the surfactants which were good in both properties showed higher acceleration-activity; in this equation, a maximum of 180 (sec.) for the permeation property was applied for all surfactants tested.
Retention of droplets on the leaf surface can be measured by spraying a dye solution, and KADOTA and MATSUNAKA reported that surfactant solutions with lower surface tension (ST) showed higher retention7). Since ST and the contact angle had a highly positive correlation in their study, and, further, the contact angle is directly related to the spreading property, retention would be a function of the spreading property. Retention on the leaf surface would not always correlate to the adjuvant effect, however, since the subsequent process including the penetration of the applied chemical through the cuticle may be more important in some cases. 4. Effects of surfactants on inhibition of photosynthesis by propanil When propanil reaches its site of action, chloroplasts, it interferes with photosynthesis, and thus the rate of uptake or penetration of the herbicide through the cuticle could be estimated by measuring the photosynthetic activity of the treated plants. Photosynthetic activity in vivo can be monitored by several methods, e.g. measuring CO2 uptake10) or leaf fluorescence1). Figure 4 depicts the changes in photosynthetic activity of propanil-treated plants by monitoring CO2 uptake (assimilation).
The surf actants used in this experiment were three representatives of different ionic characters: POE (10) nonylphenyl ether (4, nonionic), sodium dioctyl sulfosuccinate (11, anionic) and lauryl dimethylbenzyl ammonium chloride (12, cationic). A sublethal dose of propanil, 50ppm, was applied in this experiment so that the effects of the surfactants on propanil action became clearer. In a preliminary experiment, it was confirmed that solutions of the three surfactants (0.1%) themselves showed no effect on CO2 uptake by the plants (data not shown).
Propanil applied without surfactant or with the No. 12 surfactant (0.1%) showed slight inhibition of CO2 uptake although the treated plants recovered from the inhibition within 90min.
In contrast, propanil applied with the No. 4 or the No. 11 surfactant showed strong inhibition, completely inhibiting CO2 uptake 60-75min. the effects of the three surfactants (4, 11 and 12) were in good agreement with those in the pot test as described earlier ( Table 2) .
The permeating and spreading properties of the surfactant solutions have been discussed in relation to their effects on the acceleration of propanil action, and these properties may help in predicting surfactant adjuvant effect. In addition, some of the surfactants were found to accelerate the propanil action by improving the cuticle penetration.
However, we did not try to evaluate the adjuvant activity of the surfactants at different concentrations, and thus some may be more effective at other optimal concentrations.
Summary
Effects of various types of surfactants on the action of the foliar applied type herbicide propanil, especially on the acceleration of its herbicidal action, were evaluated in relation to the physical properties, spreading and permeating properties of the surfactant solutions (0.1%). The 0.1% solutions of the POE nonylphenyl ether surfactants varied in their spreading and permeating properties in proportion to their HLB values, with the maximum being around 12-13 of the HLB value.
Most of the surfactants added accelerated the propanil action applied at a sub-lethal dosage against barnyard millet (Echinochloa crus-galli L.). The effects on this action were higher at about 12 of HLB or 8 of EO moles in the POE nonylphenyl ether surfactants.
In addition, with all the surfactants tested, a better correlation coefficient 0.77 (p<0. 
